BACKGROUND: Few data exist on the energy cost of specific activities in children. The influence of body weight on the energy cost of activity when expressed as metabolic equivalents (METs) has not been vigorously explored. OBJECTIVE: To provide MET data on five specific activities in 12-y-old girls and to test the hypothesis that measured MET values are independent of body weight.
Introduction
Metabolic equivalents (METs) represent the energy cost of physical activities as multiples of the resting metabolic rate (RMR). One MET is defined as the energy expended while sitting quietly, which for the average adult is E3.5 ml of oxygen/kg body weight/min or 4.186 kJ/kg body weight/h. 1 The MET value of a given activity for an individual is determined experimentally by dividing the measured energy expenditure of the activity by the individual's measured or estimated RMR.
MET values are not only used to classify the relative energy cost of physical activities but also to describe activity patterns and to estimate total energy expenditure (TEE) from data on time spent in activity derived from activity diaries, recall, and direct observation. An estimate of the energy cost of a given activity for an individual is obtained by multiplying the activity's published MET value by the individual's RMR. To estimate TEE, the estimated energy cost of each activity performed over 24 h is calculated and then weighted by the fraction of the day spent performing the activity. The sum of the weighted energy costs provides an estimate of the individual's 24-h TEE.
Although body weight is related to the absolute energy cost of many nonsedentary activities, 2, 3 the influence of body weight on the MET value of activities has not been extensively explored. When TEE is estimated using MET values, the assumption is made that the MET value of a given activity is constant for all individuals, irrespective of individual differences in body weight, efficiency of movement, or the actual intensity at which the activity is performed. Any potential influence of body weight on an activity's energy cost is assumed to be captured by the individual's RMR. The Compendium of Physical Activities 1,4 details the energy cost in METs of many activities of daily living, leisure, rest, and occupation in adults. Very few data are available on the energy cost of physical activities in children. 5 Consequently,
adult MET values are often used in estimating the TEE of children. 6 This approach has been criticized 7 because of reported differences in the energy cost of nonsedentary activities between adults and children less than 15 y old.
5
Alternatives proposed include applying an age-specific standard fraction to the adult MET as suggested by Torun, 5 and the FAO/WHO/UNU's sex-specific basal metabolic rate multipliers for the three categories of light, moderate, and high activity in children. 8 The purpose of the present study was to measure the energy cost of five specific activities in 12-y-old girls, and to test the hypothesis that the measured MET values are independent of body weight. The activities assessed were sitting, standing, walking on a flat treadmill at 3.2 km/h (2 mph) and at 4.8 km/h (3 mph), and walking on a treadmill at a 10% incline at 4.8 km/h (3 mph).
Participants and methods

Participants
Participants were part of a subcohort in a prospective study of growth and development. A total of 196 girls aged 8-12 y who were healthy, premenarcheal, and had a triceps skinfold thickness less than the 85th percentile for age and sex 9 were enrolled into the prospective study from June 1990 to May 1993. Girls were recruited from the Cambridge and Somerville (MA) public school systems, the Massachusetts Institute of Technology (MIT) summer day camp, and as friends and siblings of enrolled subjects. In all, 28 girls who were E10 y old at baseline and who entered the study during the second or third year of enrollment were invited and agreed to join a subcohort formed to examine longitudinal changes in energy expenditure. The 19 subcohort participants who entered the study during the second year of enrollment took part in a protocol designed to measure the energy cost of several select activities during their second annual follow-up visit, when the girls were E12 y old. Informed consent was obtained from each girl and her parent or legal guardian. The study was approved by both the Committee on the Use of Humans as Experimental Subjects at MIT (Cambridge, MA, USA) and by the Tufts-New England Medical Center Institutional Review Board (Boston, MA, USA).
Resting metabolic rate RMR was measured on two separate occasions. Participants were admitted to the General Clinical Research Center at MIT the evening before their first RMR measurement. After fasting overnight for 12-14 h, the girls were awakened in the morning, allowed to void, and walked from the in-patient medical center at MIT (where they had spent the night) to the research center. The girls did not leave the building or climb stairs during this E5 min, leisurely paced walk. On arrival at the research center, the girls changed into a hospital gown and had their weight measured with a digital scale (Seca, Hamburg, Germany) accurate to 0.1 kg. Body temperature was measured to confirm the absence of a fever. The girls were then put to bed for a half-hour rest before the measurement of RMR. RMR was measured by an open-circuit indirect calorimeter with a ventilated hood, as described previously.
10,11 After a participant was placed under the hood, a 5-min equilibration period preceded the 30-min measurement of RMR. The participant was allowed to read during the measurement period. (The reading material was placed on the top of the hood, and the girl signaled with her eyes when she wanted the study technician to turn the page.) On the morning of the measurement, the linearity of the gas analyzers had been confirmed by calibrating the analyzers against two standard gases and checking the measured concentration of a third standard gas. Prior to each participant visit, the entire system had been calibrated using a 3-L calibrated syringe (Warren E Collins Company, Braintree, MA, USA). Depending on flow rate, the accuracy of this system for measuring metabolic rate was 1.6-3.1%. 10 RMR was calculated from measures of oxygen consumption and carbon dioxide production according to the modified Weir's equation. 12 Each girl returned to the research center as an outpatient E2 weeks later for her second RMR measurement after a 12 h overnight fast. RMR was measured according to the same protocol described above beginning at a girl's arrival to the research center. The mean absolute difference (7s.d.) between the two measures was 2037139 kJ/day (48733 kcal/day). The mean of the two RMR measurements was used in all analyses.
Energy expenditure of select activities
The energy expended while performing five specific activities was assessed during the first visit to the research center either on the evening of admittance or during the next morning E2 h after breakfast. Energy expended while sitting, standing, walking on a flat treadmill at 3.2 km/h (2 mph) and at 4.8 km/h (3 mph), and walking on a treadmill at a 10% incline at 4.8 km/h (3 mph) was assessed using an OCM-1 (Ametek, Pittsburgh, PA, USA) metabolic cart fitted with a mouthpiece with a one-way valve. This metabolic cart was calibrated before each visit according to the method described earlier. The five activities were performed in succession with the completion of one activity followed by the immediate initiation of the next activity. The first minute of walking at a 10% incline at 4.8 km/h and the first 2 min of each of the other activities were considered an equilibration period, and data collected during this time were not included in the calculation of energy expenditure. The energy expenditure of an activity was calculated according to the modified Weir's equation 12 using data on oxygen consumption and carbon dioxide production collected over a period of 4 min each for sitting and standing, 3 min for walking at 3.2 km/h, and 2 min each for walking on a flat surface and at a 10% incline at 4.8 km/h. We graphed the individual raw VO 2 data, outputted at 30-s intervals, to assess whether the equilibration period for each activity was of sufficient length for the gas exchange to be at a plateau during the energy expenditure measurement period. The plots confirmed the sufficiency of a 2 min equilibration period for all the activities. Because the 2 min energy expenditure measurement period for walking at a 10% incline at 4.8 km/h was preceded by only a 1 min equilibration period, only the final minute of data collection was used in calculating the energy expenditure of this activity. During the 'sit' measurement, subjects read, listened to music, wrote, played card games, watched television, or sat quietly. During the 'stand' measurement, subjects were allowed to shift from foot to foot and were allowed to continue any of the activities performed while sitting. Heart rate was measured during the final minute of each measurement period using a heart rate monitor (Physio-control Lifepak 7, Redmond, WA, USA). The MET value of a given activity was calculated for each participant by dividing the measured energy expenditure of the activity by her mean RMR.
Additional variables
Body mass index-for-age percentile using the 2000 CDC growth charts 13 was calculated for each girl based on her measured height and weight. Tanner staging 14 of breast development was assessed by the study physician or female coinvestigator. Girls were classified as prepubertal (Tanner stage 1), pubertal yet nonmenarcheal (Tanner stages 2-4), or menarcheal.
Statistical analysis
Data are presented as mean7s.d., unless otherwise stated. We examined descriptive statistics and graphic displays to identify outliers and to confirm that assumptions of linear regression modeling were met. The coefficient of variation (CV) for the MET of each activity was calculated [(s.d./mean) Â 100] to provide a measure of relative variation. Using scatterplots, we evaluated the bivariate relationship of the measured METs of each activity and body weight. We also performed simple linear regression to determine the predictive capability of body weight on the MET value of each activity and to assess whether body weight was a significant predictor of the MET value of each activity. All statistical analyses were performed using SAS version 8.01 (SAS Institute Inc., Cary, NC, USA). Results were considered statistically significant if the observed significance level (Pvalue) was less than 0.05.
Results
Of the 19 girls participating in this protocol, two girls did not have valid data for the three walking activities, because of leaks in the system. These girls were excluded from all analyses. Of the remaining 17 girls, 14 had complete data. One girl was missing data on the energy cost of standing, because of a leak in the system. Two girls were missing data on the energy cost of walking at a 10% incline at 4.8 km/h, because a full minute of data was not available in estimating the energy expenditure of this activity after excluding the first minute of data from the original measurement period. Characteristics of the 17 participants are provided in Table 1 . The mean (7s.d.) RMR was 5.608 (70.762) kJ/kg body weight/h. Table 2 presents the mean heart rate, energy expenditure, and MET value of the five activities performed. The CV for the measured MET values ranged from 13 to 18%. Body weight was a statistically significant predictor of the MET value for all three walking activities, but did not significantly predict the MET value of sitting (P ¼ 0.13) or standing (P ¼ 0.14) (Figure 1 ). As the intensity of the walking increased, the predictive capability of body weight also increased: body weight predicted 25% of the variance in the MET value for walking at 3.2 km/h, 39% at 4.8 km/h, and 63% at a 10% incline at 4.8 km/h.
Discussion
In this study population of 12-y-old girls, the mean MET value of the activities of sitting, standing, and walking on a treadmill under three standardized conditions was relatively consistent with that documented for similar activities in adults in the Compendium of Physical Activities 1,4 (Table 3) . We also compared our measured MET values against the basal metabolic rate multipliers recommended for use in children.
Torun 5 recommended using the set value of 2.9 for moderate activities and multiplying the adult MET value by 0.65 for heavy activities for children in the age range of our study population. These values considerably underestimated our observed energy cost of walking at 4.8 km/h (a moderate activity) and walking at 4.8 km/h at a 10% grade (a heavy activity). An alternative approach published by the FAO/ WHO/UNU recommended basal metabolic rate multipliers of 1.5 for 'going to school and light activity,' 2.2 for 'moderate activity,' and 6.0 for 'high activity' when estimating TEE in girls. 8 Use of these multipliers underestimated our observed energy cost of walking at 3.2 km/h (a light activity) and walking at 4.8 km/h (a moderate activity), but adequately estimated our observed energy cost of sitting, standing, and walking at an incline at 4.8 km/h (a heavy activity). Our comparisons suggest that adult METs provide the best overall approximation of the energy cost of the five selected activities for 12-y-old girls. We observed considerable interperson variability in MET values for all five of the activities performed. The CV ranged from 13% for walking at a 10% incline at 4.8 km/h to 18% for sitting. Differences in gait, movement efficiency, and leg length may have contributed to the variability in the METs for the walking activities, while part of the variability in the METs for sitting and standing may be due to the different tasks performed (i.e. playing card games, reading, writing, etc.) by the girls during their measurement. The variability introduced by these different tasks may have limited the ability to detect the true correlation between body weight and the MET value of these activities whose energy expenditure is not much greater than RMR. Thus, although body weight was not a statistically significant predictor of the MET value of sitting or standing in our study, an influence of body weight on these activities cannot be ruled out. In fact, Schoeller and Jefford 16 recently demonstrated that body displacement is not required for weight to have an influence on the energy cost above rest of activities. They observed an increase with body weight in the energy cost above rest of several sitting and standing activities that mainly involved arm and leg movements. Body weight was a statistically significant predictor of the MET value of the three standardized walking activities. These the MET value of walking or running at a given speed was significantly higher in obese prepubertal children than in their nonobese counterparts. We also observed that as the intensity of the walking exercise increased, so did the predictive capability of body weight. Our results indicate that the use of an average MET value for estimating the energy cost of any of these three walking activities would underestimate the energy cost of the activity in heavier girls and overestimate the energy cost in lighter girls. Consequently, because TEE is a composite of the energy cost of all activities performed over 24 h, the use of average MET values to estimate TEE from activity diary, recall, and direct observation data may result in estimates of TEE that are biased by body weight. The extent of over-or underestimation of TEE due to body size will depend on the relative contribution of each activity performed to an individual's TEE and the degree of influence body weight has on the MET value of each of the activities. An assumption underlying both MET values and an index called the Physical Activity Level (PAL; also referred to as the activity factor and calculated by dividing TEE by RMR) is that dividing energy expenditure by RMR results in an index independent of body weight. Our study is among the first to test this assumption for METs, and our findings raise the question of the accuracy of this assumption for PAL. An appropriate test of the null hypothesis of PAL's independence from body weight requires comparability of activity between individuals of various body sizes, a criterion that is not met with PAL data measured under free-living conditions. Subjects would need to be admitted to a metabolic ward for at least 24 h with all movement, including fidgeting, 18 scripted and controlled by the researcher. Owing to the extreme burden such a protocol would impose on subjects, a direct testing of the null hypothesis of PAL's independence from body weight is most likely not feasible. Any impact of body weight on PAL would be expected to be subtler than that of the observed METs, however, because TEE is a composite of the energy expenditure of activities that are influenced by body weight and those that are not. An influence of body weight on PAL might explain the observation of similar PAL values between obese and nonobese children, [19] [20] [21] while activity diaries document obese children spending more time in sedentary activity and less time in nonsedentary activity compared with nonobese children. 20 The similar PAL values may be a function of obese children spending less time than their nonobese peers in physical activity, yet at a greater energy cost.
Our results also appear to have important implications for the use of treadmill time as a measure of physical fitness. In our study, the more a girl weighed, the higher her MET value for walking, despite the same treadmill time. In studies using treadmill time as a measure of physical fitness, treadmill time is often translated into a maximal MET value for reporting purposes. 22, 23 The maximal MET value is calculated by dividing VO 2 max predicted from treadmill time by 3.5 ml of O 2 /kg of body weight/min (1 MET   1 ). Thus, if a normal weight individual and an obese individual have the same treadmill time, they are assigned the same maximal MET value and the same level of physical fitness. Assuming our results are generalizable, the obese individual's true maximal MET value would be underestimated, and subsequently their physical fitness level would also be underestimated. Care should therefore be taken when physical fitness is categorized according to treadmill time, particularly for analyses that compare various fitness levels of normal weight and obese individuals. Obese individuals in the upper quartile or quintile of treadmill time are likely to be an elite group whose placement in the top tier of treadmill time required an even more exceptional performance, and therefore an even higher level of fitness, than that of their normal weight counterparts with the same treadmill time. Furthermore, analyses examining the effect of changes in physical fitness on mortality should evaluate the extent to which improvements in physical fitness (as assessed by changes in treadmill time) are a function of increased physical activity as opposed to weight loss. The MET value for 'miscellaneousFsitting, card playing, playing board games' 1, 4 was cited for sitting, and the MET value for 'miscellaneousFstanding' 1,4 was cited for standing. The value for walking at a 10% incline at 4.8 km/h (3 mph) was estimated based on the MET value for walking at 4.8 km/h and the difference between the MET value for walking at 5.6 km/h (3.5 mph) and walking at 5.6 km/h uphill. Torun's value of 2.9 for 'walking at a normal pace on level ground and for moderate activity' was specific for children aged 6-14.9 y. The value of 3.6 for walking at a 10% incline at 4.8 km/h was obtained by multiplying the adult MET value by 0.65, which is the approach recommended by Torun for estimating the energy cost of heavy activities in children aged 6-12.9 y. e Recommended basal metabolic rate multiplier is 1.5 for 'going to school and light activity,' 2.2 for 'moderate activity,' and 6.0 for 'high activity.'
In conclusion, we observed considerable variability in the measured MET values of activities ranging from sedentary to vigorous intensity among 12-y-old girls. Body weight explained a large degree of the variation in MET values, particularly for the three walking activities. Ideally, an individual's MET values for all activities performed would be available for use in estimating TEE from activity diary, recall, or direct observation data. Because these data are not likely to be available, adult METs appear to provide the best estimates of the energy cost of physical activities in 12-y-old girls. Nevertheless, possible bias introduced by differences in body weight should be considered whenever TEE is estimated using average MET values. As the generalizability of our findings remains unknown, future research should focus on replicating our study in other populations.
